Background: Bioactive fatty acids such as the eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) and the modified fatty acid analogue, tetradecylthioacetic acid (TTA), are known to influence inflammatory processes in the body. Our aim was to investigate if diets containing fish oil (FO) enriched with bioactive fatty acids could affect inflammation and development of glandular stomach carcinogenesis in a duodenogastric reflux (DGR) animal model. We also wanted to evaluate if a high-fat diet might increase the risk of developing gastric cancer compared to a low-fat diet. Methods: 185 rats operated on with a gastroenterostomy were randomly allocated to 5 different treatment groups given: low-fat, high-fat, high-fat + FO, high-fat + TTA or high-fat + FO + TTA. The stomachs were removed after 50 weeks and examined by light microscopy with hematoxylin and eosin staining (HE). Immunohistochemical staining against COX-2, PCNA and p53 was performed when adenocarcinomas were found. The plasma fatty acid profile was determined. Results: Adenocarcinomas developed in 21% of animals fed the low-fat diet, 35% in the high-fat group, 16% in the high-fat + TTA group, 21% in the high-fat + FO group and 8.6% in the high-fat + FO + TTA treatment group. COX-2 and PCNA were positive whereas p53 was negative in the majority of the samples. The anti-inflammatory fatty acid index increased after treatment with FO and in combination with FO and TTA. Conclusion: FO and TTA in combination with a high-fat diet significantly lower the risk of developing adenocarcinomas in rats subjected to duodenogastric reflux. This is most likely due to a selective modulation of inflammation.
Introduction
Although the incidence of gastric cancer is declining in the Western countries, it is still among the most frequently occurring gastrointestinal (GI) cancers world-wide. It ranges as number two regarding cancer mortality [1, 2] . Worldwide, the incidence of gastric cancer in the distal part of the stomach is decreasing, whereas the proportion of cancers in the proximal part of the stomach is increaseing. The reason for this might be a reduced incidence of Helicobacter pylori infections. Also, a general increase in body mass index and an increased occurrence of duodeno-gastric and gastroesophageal reflux in the western population may be correlated to the increased incidence of proximal cancers [3] [4] [5] . Some researchers have suggested that a diet with a high-fat content rich in saturated fatty acids (SFA) might explain the increase in GI cancers [6] [7] [8] [9] [10] [11] [12] . In order to influence this type of cancer development, it is relevant to modulate or even reduce the sequence of "chronic inflammation-metaplasia-dysplasia", which can lead to cancer development. Several experimental studies have shown that reduction of chronic inflammation with cyclooxygenase-2 (COX-2)-inhibitors can reduce the frequency of adenocarcinoma (AC) in the stomach and distal esophagus [13, 14] . Based on epidemiologic studies, it has been suggested that a diet high in meat may increase the risk of distal stomach adenocarcinoma [15] . On the other hand, since the 1930's, it has been known that fish oil (FO) can have suppressive effects on tumor growth [16] . There is also epidemiological evi-dence that dietary omega-3 polyunsaturated fatty acids (PUFA) have beneficial effects against several malignnancies [17] [18] [19] . The mechanisms behind the anti-tumor activity of omega-3 PUFA are not fully understood, but there is some evidence that these fatty acids can promote apoptosis in cancer cells [20] [21] [22] . To enhance the efficiency of fatty acids to impair proliferation and expect pro-apoptotic effects, various attempts have been made to modify their molecular structure. One such fatty acid analogue, tetradecylthioacetic acid (TTA), is reported to reduce the proliferation of breast cancer, glioma, lymphomas and leukaemia cell lines. It also inhibits glioma xenograft transplants from growing, inhibits leukaemia cell growth in rats, and inhibits proliferation in acute myeloid leukaemia (AML) cell cultures [23] [24] [25] [26] . The antiproliferative effects of TTA may be due to induction of apoptosis, possibly mediated by mitochondrial alterations and changes in inflammation signalling [27] . The aims of this study was to evaluate: 1) if a diet rich in saturated fat (25%) would increase the risk of developing gastric cancer, as compared to a low-fat diet (7%), and 2) if different types of bioactive fatty acids added to the high-fat diet could modulate gastric carcinogenesis.
Methods

Animals
Two hundred ten male Wistar rats, 8 weeks old on arrival, weight 267.6 ± 29.8 g (Median ± SD) were supplied by Taconic Europe A. Five rats were housed in each cage on aspen bedding at standard laboratory conditions with room temperature 22˚C ± 2˚C and 55% ± 10% relative humidity, at 12 h light/dark cycle. The room air was exchanged 18 times/h. The animals arrived at the facility at least 7 days before the experiments started and were handled according to the FELASA accreditation scheme (Federation of European Laboratory Animals Science Association, Utrecht, Netherlands) after arrival. The rats had continuously free access to tap water, and were fed commercial chow until start of the experiment. The study was approved by the experimental animal board of the Norwegian Department of Agriculture.
Animal Preparation and Surgical Procedures
All animals received only tap water 24 h prior to surgery. Before surgery the rats received buprenorphinum (0.24 mg/kg) subcutaneously. Anesthesia was induced and continued with spontaneously inhalation of 5% isofluran combined with a 50:50% blend of nitrous oxide and oxygen circulating in a closed chamber for small animals. The abdomen was opened via an upper midline incision. The first jejunal loop was identified, and a one cm long side-to-side gastrojejunostomy was performed between this loop and the greater curvature of the glandular stomach immediately distal to the junction of the forestomach. The anastomosis was performed as an all layer continuous suture with 6 -0 polyglactin. The abdominal wall was closed with continuous 4 -0 silk suture and staples in the skin. After surgery the rats were kept in an incubator at 29˚C until they regained mobility. They were allowed carbohydrates dissolved in tapwater immediately after surgery, and commercial chow after 48 h. Buprenorphin (0.12 mg/kg) was given subcutaneously every 12 h for 36 h, later by signs of discomfort.
Study Design and Food Administration
The one hundred and eighty-five rats that were included in this study, were chipped for identification, and randomly divided into five different treatment groups. Five animals were kept in each cage and had free access to water and diet. The pellets were stored at -20˚C and thawed up before administration. At week 50, the rats were sacrificed by exsanguination using the same anesthesia as during surgery.
Tissue Preparation
After sacrificing the animal, the peritoneal cavity was explored for metastases. The stomach was removed along with the lower esophagus, duodenum and the small bowel anally of the anastomosis. The stomach was opened along the greater curvature, including the anastomosis, in a standardized way and pinned on a corkboard. The pinned specimen was fixed in 10% buffered formaldehyde for 24 h and then in 70% ethanol before a whole wall section was made from the forestomach, the glandular part with the anastomosis and the pyloric area. Strips of 3 -4 mm thickness were cut stepwise from the anastomosis. The strips were dehydrated by i creasing concentrations of n ethanol, orientated and embedded in paraffin wax. Sections of 4 µm thickness were stained with hematoxylin and eosin (H & E). Specimens where adenocarcinomas (AC) had developed were further studied with immunohistochemistry. As controls, five samples without adenocarcinoma development were randomly selected from each diet group. These were also studied with immunohistochemistry.
Histopathological Analysis
The fore-stomach with esophagus, the glandular stomach with the anastomosis and the pyloric region were searched for changes in gross anatomy and histopathology. Except for in the area of the anastomosis, no pathology nor peritoneal metastases were seen. According to classification used in similar reflux models, the changes were categorized as follows [28] :
The microscopy of the slides was done blindly by a specialist in gastrointestinal pathology.
Immunohistochemical Analysis
All sections positive for AC were stained for immunohistology with P53 (1:300, rabbit polyclonal; Thermo Scientific, UK), PCNA (1:1000, rabbit polyclonal; Thermo Scientific, UK) and COX-2 (1:200, rabbit polyclonal; Thermo Scientific, UK) antibodies. After immune reaction, sections were treated with Dako EnVision (DakoCytomation, Denmark) and DAB (3,3'-diaminobenzidine tetrahydrochloride) was used to visualize the antigen-antibody reaction. Sections were counterstained with eosin to visualize the tissue. In addition, we stained for COX-2, PCNA and p53 in the gastric mucosa in samples where no AC was observed. For this purpose, 5 rats without AC and with normal microscopic gastric mucosa were picked randomly from each treatment group, in total 25 rats.
Fatty Acid Analysis
Total plasma lipids were extracted with chloroform: methanol (1:2) [29] and fatty acid methyl esters (FAME) were obtained by heating of lipids with methanol at 90˚C for 1 h, where H 2 SO 4 was used as a catalyst [30] . After extraction into an organic solvent, FAMEs were analyzed by gas-liquid chromatography. Gas chromatograph GC 8000 TOP (Finnigan, USA) was equipped with a programmed temperature vaporization injector, flame-ionization detector, AS 800 auto sampler and with a fused silica capillary column coated with dimethylpolysiloxane stationary phase, DB1-ms (J & W Scientific, USA). Hydrogen was used as carrier gas. Column temperature was programmed from 110˚C to 310˚C with a gradient 2.5˚C/ min. GC signal was acquired and evaluated with Chromeleon software (Dionex, USA). Peaks were identified by use of known fatty acid (FA) standards and by mass spectra obtained by GC/MS analysis (GCQ, Finnigan, USA) on the same column. Internal standard C21:0 was used for quantifying after calibration with known mixtures of FA standards. The anti-inflammatory fatty acid Index (AIFAI) was calculated as (docosapentaenoic acid + docosahexaenoic acid + dihomo-γ-linolenic acid + eicosapentaenoic acid) × 100/arachidonic acid. Slightly different indexes have been used by Chavali et al. and Utsunomiya et al. [31, 32] .
Statistical Analysis
Differences between the groups were analyzed by cross tabulation and two-sided Fisher's exact test. P-values < 0.05 were considered significant. One way ANOVA calculation was used for evaluation of the plasma lipid distribution between dietary groups. Statistics were performed by using PASW Statistics for Windows, version 16, (SPSS Inc., Chicago, IL, USA).
Results
12 rats died hours after the operation and 13 rats died within a few days postoperatively probably due to severe gastroesophageal reflux. The remaining 185 animals were included in the study and sacrificed after 50 weeks of treatment. The diets were well tolerated and had no apparent adverse effect on the rats.
Macroscopic and Histopatological Findings
Macroscopic examination of the stomachs revealed 60 tumors close to the gastrointestinal anastomosis ( Figure  1) . No tumors were localized in other areas of the stomach nor were metastases found in the peritoneal cavity. Histological evaluation by light microscopy did not confirm AC in all macroscopic tumors. The observed non-AC tumors were classified by histology as ulceration, adenocystic proliferation or cystic dilatation ( Table 2) . Of the 60 observed tumors, 38 were classified as AC. Figure 2 shows a typically AC at 100× magnification. The distribution of AC in the various treatment groups are depicted in Figure 3 . Although not statistically signifycant, the occurrence of AC tended to be higher in the animals fed a HF diet (35%), compared to animals fed a LF diet (21%). Both TTA (16%) and FO (21%) tended to reduce the incidence of AC compared to animals fed HF diet alone. When comparing the HF + FO + TTA diet group with the HF diet group, we observed a statistically significant decrease in cancer frequency (8.6%) compared to the HF group (35%) (p < 0.01). By ANOVA testing we found no significant difference when treatments with different bioactive fatty acids were analyzed separately (data not shown).
Fatty Acid Profile and Anti-Inflammatory Fatty Acid Index (AIFAI) in Plasma
The plasma fatty acid composition is shown in Table 3 . TTA reduced the level of EPA (C20:5n-3) and DHA (C22:6n-3) whereas the amount of dihomo-γ-linoleic acid (DGLA, C20:3n-6) increased. The level of arachidonic acid (AA, C20:4n-6) was not affected by TTA alone, but decreased in both groups given FO ( Table 3 ). In the FO groups, the level of AA decreased and the levels of EPA and DHA increased significantly (p < 0.001) compared to the other treatment groups. The calculated plasma AIFAI was significantly increased in both groups receiving FO (Figure 4 ).
Immunohistochemical Findings
Immunohistochemical staining with polyclonal antibodyies against PCNA, COX-2 and p53 was performed in all cases where AC was observed ( Figure 5 and Table 4 ). There was no significant difference between the groups in any of the three proteins ( Table 4) . In all groups, however, we observed signs of inflammation as evidenced by positive COX-2 staining in AC. Further, PCNA staining was positive in most AC indicating proliferation. Immunohistochemical analyses in rats without cancer revealed no differences between the various feeding groups. COX-2 always stained positive in the cytoplasm of the gastric mucosa with reduced activity in the upper middle layer of the gastric mucosa, interpreted as the area of the gut regenerative cell lineage (GRCL) [33] . PCNA stained positive in the cell nuclei in the area identified as the GRCL and the nuclei in the crypts of the intestine. p53 staining was negative. Illustration of immunohistochemical staining in normal gastric mucosa is shown in Figure 6 .
Discussion
In this experiment we tested the hypothesis if bioactive fatty acids like n-3 PUFAs found in FO and/or TTA added to a HF diet could reduce the risk of developing AC in a DGR model. We also looked at the AC development in the HF compared to the LF diet group. We found that FO as well as TTA tended to decrease the occurrence of AC. However, when combining FO with 
The number in parenthesis by the treatment groups gives the number of AC found in the actual group. No significant differences were found between the groups.
TTA, we observed a significantly lower development of ACs compared to the HF control group (p < 0.01). Our results thus demonstrate an additive effect of these bioactive lipids. When comparing the LF with the HF control group, we found a lower but not significant reduction in AC development in the LF group. It is known that establishing a chronic gastric reflux of duodenal content in a rat model can induce gastric cancer without use of carcinogens [34] . Development of chronic inflammation is correlated to the amount of reflux. By increasing the reflux, the incidence of gastritis and cancer development increases [34, 35] . The induction of adenocarcinomas follows the sequence of chronic inflammation, leading to metaplasia, dysplasia and finally cancer development. In our model we induced a moderate reflux and therefore we rarely found gastritis in other areas of the stomach than adjacent to the anastomosis.
There were significantly more adenocystic proliferations (ACP) in the HF + FO group and in the HF + FO + TTA treatment group ( Table 2) . Miwa et al. [35] has suggested that ACPs are precancerous lesions. According to these findings it might be considered whether TTA treatment alone is able to lower the frequency of ACP. FO seems to reduce the risk of ACP transforming into AC but this treatment did not fully prevent its occurrence. The underlying mechanisms of the anti-tumor activity of FO are not fully understood. There is some evidence indicating that its n-3 PUFAs, EPA and DHA, can reduce inflammation and promote apoptosis in cancer cells [20] [21] [22] 36] . One of these mechanisms is believed to be that the n-6 PUFA, AA (20:4n-6) is the main substrate for eicosanoids like prostaglandins, leucotriens and thromboxans. These eicosanoids are mediators and regulators of inflammation [37, 38] . The AA metabolism and its metabolites are known targets for anti-inflammatory drug therapy. This includes non-steroidal anti-inflammatory drugs (NSAIDs) that inhibit the COX-2 activity. This effect was documented in a similar reflux model where gastritis and cancer development was reduced signifycantly by treatment with meloxicam, a specific COX-2-inhibitor [13] . However, there was no effect of TTA and FO on the protein level of COX-2, as the COX-2 staining was equal in all treatment groups in specimens without AC lesions. An inhibition of the COX-2 activity instead of the protein level could not be excluded though. The same observation was seen on staining against PCNA and p53, where there was no difference between the groups.
It has been shown that supplementation of FO, which is rich in EPA and DHA, induce a time-dependent incorporation of these n-3 PUFAs into the cell membrane phospholipids [37, 39, 40] . Once present in the membranes, EPA and DHA will then dislodge AA available for synthesis of AA-derived eicosanoids. EPA and DHA are also able to act as a substrate for the cyclooxygenase and the 5-lipoxygenase [37] . These eicosanoids produced from EPA and DHA have a slightly modified structure and exert less inflammatory activity than AA-derived eicosanoids. EPA can also reduce proliferation by directly inducting apoptosis as demonstrated in cell culture models [41, 42] .
The plasma fatty acid profile in each treatment group (Table 3) showed a significantly increase of the AIFAI (Figure 4 ) with a highly significant difference (p < 0.001) between the groups receiving FO compared to the groups without FO supplemented. This observation supports the hypothesis that EPA and DHA are able to exert anti-inflammatory effects in this model.
The rationale behind the combination of FO and TTA was that they theoretically might have additive antiproliferative effects, even if it has been reported that TTA reduce the EPA and DHA levels in plasma [43] . In the present study, the content of EPA and DHA in plasma increased after FO supplementation, whereas the content of dihomo-γ-linoleic acid (DGLA, C20:3n-6) was reduced. The synthesis of eicosanoids depends on the availability of the 20-carbon PUFAs, either arriving via circulation or arising from local tumor production catalyzed by delta 5 and delta 6 desaturases. FO reduced the content of AA in plasma, possibly making AA less available for eicosanoid synthesis, which could modulate inflammation [39] . After FO supplementation, the AIFAI increased in both groups ( Figure 4) . As shown in Figure  3 , TTA reduced the incidence of AC even more than FO alone. As the AIFAI was unchanged after TTA treatment, we therefore hypothesize that the anti-cancer effect of TTA is different than for FO, and that is may be due to induction of apoptosis, possibly mediated by mitochondrial alterations and changes in inflammation signalling as outlined in the background section. Since no signifycant difference was found with the ANOVA test when treatments with different bioactive fatty acids were done separately, we assume that the pathways are different and that there is an additive effect of TTA and FO to reduce the occurrence of AC.
Conclusion
In conclusion, a diet containing both FO and TTA has an additive and reducing effect on the development of AC in a DGR rat model. The exact mechanism is not clear and further studies are needed to elucidate this.
Acknowledgements
